INTRODUCTION
Primary CNS lymphoma (PCNSL) is typically an aggressive non-Hodgkin lymphoma, usually of large B-cell histology, which historically has been considered to be associated with a significantly worse prognosis than systemic lymphomas of the same histology, if not incurable. To date, there is no standardized approach to the treatment of PCNSL. 1 Although there is consensus that high-dose methotrexate (HD-MTX) is the cornerstone of treatment, the median progression-free survival (PFS) with HD-MTX as monotherapy is modest, at only 12 to 13 months. 2, 3 The Radiation Therapy Oncology
Group demonstrated that a combined-modality approach using HD-MTX-based chemotherapy followed by whole-brain radiotherapy (WBRT) markedly extends median PFS to 24 months 4 ; however, concerns regarding the irreversible neurocognitive effects of brain irradiation, 5 even at reduced doses, 6 have prompted the development of alternative consolidative strategies.
In CALGB (Cancer and Leukemia Group B) 50202, we asked the question of whether it is possible to treat patients with newly diagnosed primary CNS lymphoma with immunotherapy plus high-dose chemotherapy in the multicenter, cooperative group setting and achieve efficacy comparable to that of regimens using brain irradiation. We implemented a two-step, dose-intensive immunochemotherapy regimen designed to be tolerated by patients with PCNSL, particularly in the first few weeks after diagnosis, when performance status and neurologic function are most severely impaired. Induction therapy involves three components: HD-MTX, administered every 2 weeks; weekly rituximab; and temozolomide, prescribed monthly. Rituximab is administered during the first 6 weeks of therapy, an interval during which the blood-brain barrier may be most compromised. 7 Temozolomide reliably penetrates the blood-brain barrier, has established activity in CNS lymphomas as monotherapy and in combination with rituximab, [8] [9] [10] and has been demonstrated to provide superior health-related quality of life and toxicity profile compared with procarbazine in patients with brain tumors. 11, 12 To consolidate response and potentiate PFS, patients who obtained a complete response (CR) after induction chemotherapy received the second step of this regimen: infusional etoposide plus high-dose cytarabine as intensive consolidation with non-crossresistant agents. Notably, the combination of etoposide plus cytarabine (EA) was previously demonstrated to be highly active as first-line salvage in recurrent/refractory CNS lymphoma. 13 The importance of high-dose cytarabine in the treatment of PCNSL is established.
14 Etoposide is effective in the treatment of CNS complications of lymphoid leukemia and other brain tumors and, when administered in combination with CHOP (cyclophosphamide, doxorubicin, vincristine, and prednisone) in aggressive lymphoma, may decrease the risk of secondary CNS lymphoma. 15, 16 
PATIENTS AND METHODS

Eligibility
Patients were eligible provided they had histologic confirmation of CNS non-Hodgkin lymphoma (NHL), with central review of diagnostic specimens. Measurable disease based on gadolinium enhancement of brain or spine magnetic resonance imaging (MRI) and/or positive CSF cytology was also required. Patients were excluded for positive HIV serology, if pregnant or nursing, or for evidence of systemic NHL by computed tomography (CT) of chest, abdomen, and pelvis and bone marrow biopsy. Other exclusion criteria included baseline pleural effusions or ascites, Eastern Cooperative Oncology Group performance status (ECOG PS) Ͼ 2, absolute neutrophil count (ANC) Ͻ 1,500/mL, ALT/AST Ͼ 2ϫ upper limit of normal, total bilirubin Ͼ 2 g/dL, and creatinine clearance Ͻ 50 mL/min. Each participant signed an institutional review board-approved informed consent document in accordance with federal and institutional guidelines.
On-Study Procedures
At enrollment, physical and neurologic examinations were performed in addition to laboratory studies, including complete blood count, differential and platelet count, and serum electrolyte and chemistries. MRI of brain and total spine, ocular slit lamp and CSF examination, and CT or MRI of chest/ abdomen/pelvis as well as bone marrow aspirate and biopsy were performed.
Protocol Treatment
CALGB 50202 had two treatment modules (Fig 1) . Remission induction chemotherapy consisted of HD-MTX, temozolomide, and rituximab (MT-R). HD-MTX was administered intravenously (IV) once every 2 weeks (for the first seven doses) at 8 g/m 2 over 4 hours, with leucovorin rescue every 6 hours, and adjusted for creatinine clearance, as described previously.
2 Rituximab 375 mg/m 2 was administered once per week for six doses, beginning on day ϩ3 (patients with T-cell PCNSL did not receive rituximab). Temozolomide (150 mg/m 2 ) was administered once per day on days 7 to 11 each of the first 5 months. No intrathecal chemotherapy was administered. Consolidation chemotherapy consisted of etoposide 5 mg/kg administered by continuous IV infusion every 12 hours for eight doses (total dose, 40 mg/kg), with cytarabine 2 g/m 2 IV over 2 hours every 12 hours for eight doses (total dose, 16 g/m 2 ), as described previously.
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Supportive Care
Hydration and urine alkalinization during methotrexate administration were achieved by administration of NaHCO3 (100 to 150 mEq/L) at 150 mL/h IV until urine output of Ն 100 mL/h and urine pH Ͼ 7 for 4 hours before methotrexate and continued until completion of leucovorin rescue. During EA consolidation, patients showered twice daily, and corticosteroid eye drops, two drops per eye, were administered four times per day on days 1 to 6 to prevent cytarabine keratoconjunctivitis. Granulocyte CSF (5 mcg/kg/d) or granulocyte macrophage CSF 250 (mcg/m 2 /d) were administered subcutaneously starting day 14 of therapy and continued until ANC reached Ն 500/L for 2 days or Ն 1,500/L for 1 day. Bacterial prophylaxis with fluoroquinolone antibiotics was initiated at ANC Ͻ 500/L and continued until ANC reached Ն 500/L. Fungal prophylaxis (azole) was started day 6 of therapy and continued until ANC reached Ն 500/L. Herpes simplex virus and Varicella zoster virus prophylaxis consisted of acyclovir or valacyclovir. Pneumocystis pneumonia prophylaxis was provided with trimethoprim/sulfamethoxazole or dapsone. Febrile neutropenia and transfusion support were managed according to institutional guidelines.
Documentation of Response
At 4 months of remission induction therapy (after the seventh course of HD-MTX), patients were restaged by MRI of brain (plus spine and lumbar puncture if previously positive). Patients who achieved a CR or CR/unconfirmed received an additional (eighth) cycle of HD-MTX followed by a fifth course of temozolomide followed by remission consolidation therapy with EA. After consolidation therapy, patients were restaged with repeat brain MRI every 2 months for the first year, then every 4 months for years 2 and 3. Beginning at 3.5 years, patients were evaluated every 6 months until 6.5 years after induction. The International Primary CNS Lymphoma Collaborative Group response criteria were used, as described previously.
18
Statistical Considerations
The study used a two-stage design to address the primary end point-CR rate-with exact binomial 95% CI. An interim analysis was conducted when . Patients who achieved a complete response (CR) or CR/unconfirmed (CRu) received an additional course of high-dose methotrexate plus one of temozolomide. Three to 5 weeks later, patients received intensive consolidation with etoposide plus cytarabine (EA). High-dose EA chemotherapy doses were based on corrected body weight (kg), defined as ideal weight plus 0.25 (actual weight Ϫ ideal weight), as described previously. 17 IV, intravenous; PD, progressive disease; PO, orally; PR, partial response; SD, stable disease.
response data were available from the first 27 patients, with a planned early stopping rule for a CR rate Ͻ 44%. With a target accrual of 45 patients, a successful trial was prospectively defined as a CR rate of at least 53% for the therapeutic approach to be acceptable for further investigation. Efficacy end points PFS, time to progression (TTP), and overall survival (OS) were defined as per the Revised Response Criteria for Malignant Lymphoma.
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Neurologic and other toxicities were closely monitored with the first 6, 10, 20, 30, and 45 patients. Rates Ն 5% grade 4 neurotoxicity and Ն 10% grade 5 other toxicities were prospectively defined as unacceptable, and if observed, the trial would be stopped. Toxicities were scored using the National Cancer Institute Common Toxicity Criteria, version 3.0.
Assessment of clinical prognostic factors was based on International Extranodal Lymphoma Study Group (IELSG) score 20 using the log-rank test. Assessment of candidate molecular prognostic markers BCL6 and MYC was performed by immunohistochemistry in archival formalin-fixed paraffinembedded tissue. The percent tumor cell nuclei staining for each marker was independently scored (nearest 10% increment) by two pathologists blinded to clinical outcome (E.D.H., M.O.N.) with near-100% reproducibility (R 2 Ͼ 0.9; P Ͻ .001). Cox proportional hazards models were fitted for outcomes using candidate molecular markers as continuous variables. If the model was statistically significant, the best cut point in the data was determined using an iterative procedure.
Patient registration and data collection were managed by the CALGB (Alliance) Statistics and Data Center, with data as of May 24, 2012, analyzed by CALGB statisticians. Data quality was ensured through review by CALGB (Alliance) statistical center staff and by the study chairperson. As part of the CALGB quality assurance program, members of the audit committee visit all participating institutions at least once every 3 years to verify compliance with federal regulations and protocol requirements. Review of medical records was performed for 13 (28%) of the 47 patients registered to this study.
RESULTS
Patients and Disease Characteristics and Study
Forty-seven patients enrolled between October 2004 and November 2009 at 12 CALGB sites. Three patients were excluded from analysis because of failure to meet eligibility criteria or to receive protocol therapy (Table 1) . Large B-cell lymphoma was diagnosed in 43 (98%) of 44 patients. The median age was 61 years, and 48% of patients were male. Among the 40 patients for whom complete IELSG PCNSL prognostic parameters were available, 27 (68%) had IELSG risk scores Ն 2. Ten patients (24%) had positive CSF cytology, and one had intraocular lymphoma.
Response and Survival
After MT-R induction, nine patients (20%) experienced disease progression, one had stable disease, five (11%) achieved a partial response, and 29 (66%) achieved a CR, yielding a final CR rate of 66% (95% CI, 50% to 80%). The 2-year rate of PFS was 0.57; 2-year TTP was 0.59, and median TTP was 4.0 years. The 2-year TTP for those patients who completed the entire regimen was 0.77 (range, 0.56 to 0.89). The median PFS was 2.4 years, with one treatment-related death and one death resulting from lung cancer at 4.5 years. Median OS for the study population has not been reached, with estimated probability of OS at 4 years of 0.65 (range, 0.49 to 0.77; Figs 2A to 2C). To date, 17 patients have died, with median survival time among the 27 surviving patients of 4.9 years (range, 2.3 to 6.6 years).
Toxicity
As expected, 55% of patients experienced grade 4 neutropenia, and 50% of patients experienced grade 4 thrombocytopenia; 81% of these episodes occurred after remission consolidation chemotherapy with EA (Table 2 ). There were four cases of febrile neutropenia, (grade 3, three; grade 4, one); there was one grade 5 infectious complication (sepsis), which also occurred after EA. There was only one case of grade 3 renal failure (reversible) and no episodes of grade 3 or 4 cytarabine or other neurotoxicity. Summary of adverse events is provided in Appendix Table A1 (online only) .
Clinical Prognostic Variables
We evaluated the relationship between established clinical prognostic variables and outcome in patients with PCNSL treated with the 50202 regimen ( Figs 3A to 3D ). ECOG PS Ͼ 1 and high IELSG score (4 to 5) were associated with shorter PFS. Unlike previous studies in PCNSL, 21,22 patients age Ͼ 60 years experienced outcomes similar to those of younger patients. The most significant clinical variable identified in this series was treatment delay. Although the median interval between diagnosis and initiation of protocol treatment for the entire 50202 cohort was 15 days, review of study throughput data revealed that 10 patients started MT-R therapy Ͼ 30 days after diagnosis (median, 39 days; range, 31 to 83 days). PFS for these patients was significantly shorter than for patients who started therapy soon after diagnosis (two-sided t-test P ϭ .05). Among the cohort of patients for whom remission induction therapy was delayed Ͼ 30 days after diagnosis, two experienced disease progression during induction MT-R, three achieved only a partial response, and one had stable disease and went off study. Of the four patients with treatment delay who did achieve a CR, two subsequently experienced early disease progression, and only two remain in remission. Half of the patients with treatment delay succumbed to CNS lymphoma progression, whereas only 29% Abbreviations: AE, adverse event; EA, etoposide plus cytarabine; MT-R, methotrexate, temozolomide, and rituximab.
‫ء‬
Toxicities occurring in Ն 5% of patients. No EA toxicity data were available for one patient who experienced disease progression and died within 10 days of intensive consolidation.
of the patients (12 of 34) who were treated within 1 month of diagnosis have died. Notably, there was no association between ECOG PS or IELSG risk score and delay in remission induction therapy, supporting treatment delay as a previously unrecognized, independent clinical prognostic variable in PCNSL.
Molecular Prognostic Variables
Previous immunohistochemical analyses of prognostic molecules in PCNSL have been retrospective in nature and identified BCL6 and MYC as candidate biomarkers.
23-26 Importantly, to date, there have been no prospective studies of molecular biomarkers in patients with PCNSL treated uniformly in the setting of a multicenter clinical trial. Furthermore, candidate prognostic biomarkers in PCNSL have not been examined in the context of rituximab and high-dose chemotherapy.
In CALGB 50202, diagnostic specimens were requested from all participating patients, and sufficient biopsy material was available for immunohistochemical staining from 26 patient cases (59%). High MYC expression (Ͼ 50% of lymphoma nuclei) was detected in 54% of patient cases, an increased proportion of patient cases compared with systemic diffuse large B-cell lymphoma, 27 but MYC expression in this series did not correlate with outcome. By contrast, high BCL6 expression (Ն 30% of lymphoma nuclei) was detected in 19 patient cases (59%), consistent with previous reports. 28 High BCL6 expression by lymphoma nuclei, correlated as a continuous variable with inferior TTP, PFS, and OS. The two-sided P values for these models were P ϭ .045, P ϭ .019, and P ϭ .045, respectively (log-rank test). Because the global test was significant in all three cases, the most significant cut point for dichotomizing BCL6 expression was evaluated using an iterative method and determined to be 60% (Figs 4A to 4C ).
DISCUSSION
CALGB 50202 demonstrates for the first time to our knowledge the feasibility of high-dose chemotherapy consolidation administered in the multicenter, cooperative group setting for newly diagnosed Patients with delayed initiation of remission induction therapy, beyond 30 days after diagnosis, experienced significantly shorter PFS compared with patients whose therapy began within 1 month of diagnosis (P ϭ .050). Three-year PFS was 0.59 (95% CI, 0.40 to 0.73) for those without treatment delay and 0.2 (95% CI, 0.03 to 0.47) for those with treatment delay. PFS is defined as time from date of study entry until progression, death resulting from any cause, or date of last follow-up while in remission. There was no association between malignant CSF cytology at pretreatment staging and response rate or outcome.
PCNSL. The 0.57 rate of 2-year PFS exceeds those of other chemotherapy-alone studies 2, 29, 30 and is at least comparable to combined-modality approaches with reduced-dose WBRT. 31 The median TTP of all 50202 patients-4 years-is 2ϫ longer than that achieved with combined-modality therapy in multicenter trials using standard-dose WBRT. 4, 22 Survival for the cohort of patients who completed EA dose-intensive consolidation is particularly promising, confirming prior single-institution data. 32 The survival curves show encouraging evidence of a stable plateau, and the median OS for 50202 patients has not yet been reached, with a median follow-up of 4.9 years.
The CALGB 50202 regimen was generally well tolerated, with the exception of one treatment-related death caused by sepsis in a patient managed as an outpatient after EA chemotherapy; this event highlights the recommendation of detailed inpatient monitoring during the neutropenic and thrombocytopenic nadirs expected after the intensive consolidation phase of treatment. On the other hand, myelosuppression during the remission induction phase was mild; few patients required growth factor support; and there was only one case of grade 3 renal toxicity, despite high doses of methotrexate administered. Although there were no reported episodes of severe acute neurotoxicity, detailed post-treatment neurocognitive testing was not performed.
Remarkably, the PFS of patients age Ͼ 60 years treated in 50202 was similar compared with that of younger patients, a result that contrasts previous studies in PCNSL, which demonstrated that patients age Ͼ 60 years fare significantly worse. 21 Although preliminary, this observation suggests that many of the established prognostic features of PCNSL may be dependent on treatmentrelated variables, including radiotherapy. 5 It should also be noted that there may be subgroups of patients with PCNSL for whom radiotherapy may be necessary and who may potentially be identified in randomized studies.
In addition, our finding that the late initiation of remission induction therapy correlates with a population at higher risk of early disease progression, although novel, is supported by prior assertions that delayed diagnosis of PCNSL correlates with adverse outcome. 33, 34 Among the factors that may contribute to delayed initiation of therapy after the diagnosis of PCNSL are the relative rarity of the diagnosis, a lack of familiarity with therapeutic options in community practice, the fact that many patients may choose to delay treatment to obtain a second opinion, and the assumption that PCNSL is an incurable disease. Whatever the cause of treatment delay, its association with adverse outcome has important implications for the management of these patients and provides evidence that the prompt initiation of therapy after diagnosis may translate to improved outcomes in PCNSL. This result also suggests that interventions that facilitate early diagnosis of PCNSL and intraocular lymphoma may also translate into improved outcomes for patients.
Finally, CALGB 50202 is the first clinical trial in PCNSL to our knowledge to prospectively evaluate molecular prognostic biomarkers expressed within diagnostic lymphoma specimens. As a lymphoma subtype, PCNSL tumors exhibited high MYC expression relative to systemic large-cell lymphoma, consistent with previous transcriptional evidence 35 ; however, MYC was not prognostic. By contrast, our prospective data demonstrate that BCL6 expression was predictive of shorter survival in patients with PCNSL treated with the 50202 regimen. This observation is in agreement with previous reports that BCL6 expression is associated with short time to progression (TTP) and overall survival (OS) in patients with primary CNS lymphoma (PCNSL) treated in the 50202 study. (A) Example of strong nuclear BCL6 expression in a PCNSL case from patient treated in study (40ϫ magnification). (B) High BCL6 expression (ie, Ͼ 60% of lymphoma nuclei) is associated with short TTP (two-sided P Ͻ .016). (C) High BCL6 is also associated with shorter OS (two-sided P Ͻ .009). For BCL6, monoclonal antibody Pg-B6p (Dako, Carpenteria, CA) was used. For MYC (not shown), monoclonal antibody Y69 (Epitomics, Burlingame, CA) was used. An automated immunostainer with iView diaminobenzidine detection (Ventana Medical Systems, Oro Valley, AZ) was used with CC1 heat-induced epitope retrieval for both assays.
expression of the BCL6 oncoprotein correlates with adverse outcome in PCNSL. 25, 26 Because the vast majority of B-cell PCNSL patient cases express MUM1, and prior studies have shown ongoing immunoglobulin gene somatic hypermutation, the concept of BCL6-positive PCNSL having an activated germinal center B-cell origin seems reasonable and may explain the adverse outcome of this phenotype.
28,36,37 Nevertheless, it should be pointed out that at least two retrospective, single-institution studies have suggested that BCL6 expression correlates with improved outcome in PCNSL. 23, 24 Possible explanations for these disparate findings are the retrospective nature of previous studies, the possibility that previous studies may not have considered the prognostic impact of high expression of the BCL6 oncogene, and the possibility that the prognostic relevance of individual biomarkers may be dictated by treatment-related variables including brain radiotherapy and rituximab. In support of this explanation are recent prospective data demonstrating that the addition of rituximab to CHOP chemotherapy selectively improved survival in BCL6-negative systemic diffuse large B-cell lymphoma. 38 Although our study is the first to our knowledge to evaluate the significance of BCL6 expression in PCNSL in the setting of rituximab, assessment of clinical and prognostic variables in this trial will require validation given the small size and number of biopsy specimens available, with consequent limited power. In any case, the observation that BCL6 expression is predictive of adverse outcome in newly diagnosed PCNSL, if confirmed, suggests that this biomarker could prospectively be used in risk-adapted therapy and supports the rational application of BCL6 antagonists in the treatment of this disease. 39 Given the encouraging results of CALGB 50202 in terms of toxicity, response, and survival achieved in the multicenter setting, the MT-R regimen is being evaluated in a successor intergroup, randomized phase II trial-CALGB 51101 (Alliance)-which compares doseintensive EA chemotherapy with myeloablative chemotherapy using carmustine plus thiotepa followed by autologous stem-cell transplantation. 40 Validation of BCL6 and other molecular prognostic biomarkers and detailed neurocognitive testing are key correlative goals of this first randomized trial in PCNSL in which neither arm involves WBRT.
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